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Abstract.

In 2012, Texas experienced the largest outbreak of human West Nile encephalitis (WNE) since the intro-

duction of West Nile virus (WNV) in 2002. Despite the large number of WNV infections, data indicated the rate
of reported WNE among human cases was no higher than in previous years. To determine whether the increase in WNV
human cases could have been caused by viral genetic changes, the complete genomes of 17 isolates made from mosquito
pools in Dallas and Montgomery Counties in 2012 were sequenced. The 2012 Texas isolates were found to be composed
of two distinct clades, both circulating in Dallas and Montgomery Counties despite a 5-fold higher disease incidence in the
former. Although minor genetic differences existed between Dallas and Montgomery WNV populations, there was weak
support for population subdivision or adaptive changes. On the basis of these data, alternative explanations for increased

WNYV disease incidence in 2012 are proposed.

INTRODUCTION

West Nile virus (WNV) was first identified in North America
in New York City in 1999." By 2002, WNV was detected
in 44 states, including Texas.? Epidemic levels of WNV human
cases occurred in the United States in 2002 and 2003, and WNV
has been endemic from 2004 to 2011 with a fairly stable annual
incidence in humans.>® West Nile virus is maintained in an
enzootic cycle between mosquitoes (predominantly Culex spp.)
and passerine birds, with annual outbreaks in humans typically
peaking in August.® Previous studies have estimated that ~20%
of humans infected with WNV develop West Nile fever (WNF),
and < 1% develop West Nile neuroinvasive disease (WNND).’

The largest outbreak of human WNF and WNND cases in the
United States since 2003 occurred during 2012. As of December
11, 2012, 48 states and the District of Columbia reported a total
of 5,387 confirmed or probable human WNF and WNND cases
to the Centers for Disease Control and Prevention (CDC)
through ArboNET. Approximately one-third of all United States
WNF and WNND cases were reported from Texas. Within
Texas, the incidence of WNV disease varied between counties.
For example, the incidence of WNF and WNND was 16.1 cases/
100,000 population in Dallas County and 3.6 cases/100,000 pop-
ulation in Montgomery County (Figure 1A and B). The reason
for the increased incidence of WNV disease in 2012 is unknown,
although climate, ecological changes in WNV vectors, and viral
genetics have been suggested.®

In a manner similar to other arboviruses, WNV evolution
is predominantly subject to purifying selection,”!® and limited
phylogeographic structure has been identified for WNV iso-
lates'®"'% few adaptive changes have been identified during its
evolutionary history. Notable examples are a valine to alanine
mutation at position 159 of the envelope protein that has been
reported to infer fitness benefits in mosquitoes™'* and has
swept across the United States,'>!® and a threonine to proline
mutation at position 249 in NS3 that has fitness benefits
in crows and has been identified to have evolved under the
effects of positive selection.'” As dead-end hosts, humans are
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unlikely to affect the evolution of WNV on a large scale; how-
ever, mutations arising in bird and mosquito hosts could stochas-
tically affect viral replication and/or pathogenesis in humans.
Additionally, altered transmissibility between mosquitoes and
avian hosts could be associated with increased amplification
and transmission to humans.

To determine whether the 2012 WNV outbreak may have
been driven by recent WNV evolution, we assessed the phylo-
genetic relationship between WNYV isolates from Texas in 2012
and isolates from North America in previous years. We also
measured the genetic diversity and divergence of WNV isolates
from Dallas and Montgomery Counties with variable disease
incidence rates in Texas. Together, these data indicate that
WNV evolution in 2012 was similar to previous years and
is unlikely to explain the increased incidence in humans.

MATERIALS AND METHODS

Incidence calculations. Annual WNV disease incidence
(cases per 100,000 population) in Dallas and Montgomery
counties were calculated using total WNF and WNND case
numbers reported to the CDC and population estimates from
the U.S. Census Bureau for July 1 of each year, except for 2012,
which was calculated using U.S. Census Bureau population
change estimates for 2010-2012.

Virus collection. Mosquito pools were collected by city agen-
cies within Dallas and Montgomery Counties in July and August
of 2012. Mosquito pools were screened at the Texas Department
of State Health Services in BHK-21 and Vero cells for the
growth of arboviruses including WNV. Indirect immunofluores-
cence of infected cells using monoclonal antibodies confirmed
the presence of WNV.

Viral sequencing. The WNV-positive mosquito pools were
passaged once on BHK-21 cells. Viral RNA was extracted from
clarified cell culture supernatant using the Qiagen Viral RNA
Mini kit. Viral genomes were amplified by one-step reverse
transcription-polymerase chain reaction (RT-PCR) (Qiagen,
Valencia, CA) using specific primers to produce six overlapping
RT-PCR products. The RT-PCR products were sequenced
directly. Complete 5" and 3' noncoding region sequences were
obtained from RACE products (Invitrogen, Carlsbad, CA).
Primer sequences are available upon request; GenBank acces-
sion nos.: KC736486-KC736502.
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Ficure 1. West Nile virus (WNV) disease incidence in Dallas and Montgomery Counties in 2012. Dallas and Montgomery Counties are
highlighted in gray and black, respectively. (A) Map of Texas counties. (B) Annual incidence, reported as total West Nile fever (WNF) and West
Nile neuroinvasive disease (WNND) cases per 100,000 populations. (C) Epidemic curve for total WNF and WNND cases in 2012. Numbers above
bars represent the combined number of mosquito pool collections made in both Dallas and Montgomery Counties for this study, with numbers
in parentheses representing the number of mosquito pool collections made in each county (Dallas/Montgomery).

Phylogenetic analyses. Sequences were aligned with 76 addi-
tional full-length WNV sequences available in GenBank using
Clustal Omega'® and edited manually. No evidence of recombi-
nation was detected using GARD in the HyPhy package, which
was accessed through Datamonkey.'” Model selection was
performed using jModelTest2?*?! to determine the most appro-
priate nucleotide substitution model. Based on these results, a
general time reversible + I + G model was used in further
analyses. Maximum likelihood phylogenies were constructed
using PhyML.?*> One thousand (1,000) bootstrap replicates were
used to obtain support for branches. Phylogenies were con-
structed for full-length sequences (11,029 nucleotides) as well
as the entire coding region (10,299 nucleotides) and coding
regions corresponding to individual proteins.

Diversity calculations. Genetic diversity was calculated as
the mean pairwise distance (substitutions per site) using the
Maximum Composite Likelihood method® in MEGAS5%* the
P values were calculated using an unpaired two-tailed Stu-
dent’s t test.

Tests for selection. Maximum likelihood tests for selection
acting on individual sites were performed using FEL,> and
Bayesian tests for selection acting on individual sites were
performed using FUBAR? in the HyPhy package, which were
accessed through Datamonkey.'”

RESULTS

2012 WNY epidemic in Dallas and Montgomery Counties.
Before the 2012 epidemic, WNV disease incidence in Texas
peaked in 2003. In subsequent years, incidence fluctuated annu-
ally, but the general trend was toward a decrease in incidence
through 2011.%7 A similar trend was observed in Dallas and
Montgomery counties, where total WNV disease incidence

peaked in 2003 (2.3 and 5.0 cases/100,000 population, respec-
tively) and 2006 (3.6 and 3.1 cases/100,000 population, respec-
tively) (Figure 1B). In 2012, 396 WNF and WNND cases were
reported to the CDC from Dallas County, yielding a WNV
disease incidence of 16.1 cases/100,000 population, and 17 WNF
and WNND cases were reported from Montgomery County, for
a disease incidence of 3.6 cases/100,000 population. Of the total
reported WNF and WNND cases, 175 (44%) were reported
from Dallas County as WNND cases, and 8 (47%) were
reported from Montgomery County as WNND cases. The sever-
ity of WNV disease in Dallas and Montgomery counties in 2012,
represented by the percentage of WNND cases, is lower than
the Texas state average from 2002 to 2011 of 67%?” and the
national average from 1999 to 2011 of 60%.>~° In addition, most
of the 2012 WNF and WNND cases in Dallas and Montgomery
Counties occurred during July and August (Figure 1C). This
is consistent with WNV outbreaks in Texas in previous years,
which typically peaked in August.”” Together, these data indi-
cate that the 2012 epidemic was driven by an increase in overall
WNV transmission from mosquitoes to humans, rather than
an increase in WNV neuroinvasiveness. Increased WNV trans-
mission could have been caused by the confluence of favorable
biotic or abiotic factors that promote virus amplification.
Phylogenetic analyses of 2012 Texas WNYV isolates. To deter-
mine whether the WNYV strains circulating in Texas in 2012
were genetically different from previous outbreaks in the
United States, we collected WNYV isolates from mosquito
pools before, during, and after the peak of the 2012 outbreak
(Table 1 and Figure 1C). We sequenced seven full-length viral
genomes from Dallas County and 10 full-length genomes from
Montgomery County and aligned them with Lineage -1V
isolates of WNV. We constructed a maximum likelihood phy-
logeny and, as expected, identified that the 2012 Texas isolates
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TaBLE 1
West Nile virus (WNV) isolates made in Dallas and Montgomery Counties in 2012

Isolate name Date collected County City Host species
AVA1202624 7/3/12 Dallas Grand Prairie Culex quinquefasciatus
AVA1202689 7/3/12 Dallas Dallas Cx. quinquefasciatus
AVA1202696 7/3/12 Dallas Dallas Cx. quinquefasciatus
AVA1204260 8/15/12 Dallas Garland Cx. quinquefasciatus
AVA1204331 8/16/12 Dallas Dallas Cx. quinquefasciatus
AV A1204753 8/28/12 Dallas Garland Cx. quinquefasciatus
AVA1204895 8/29/12 Dallas Garland Cx. quinquefasciatus
AVA1202598 7/2/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1202600 7/2/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1202606 7/2/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1202615 7/2/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1202621 7/2/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1204250 8/14/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1204356 8/15/12 Montgomery The Woodlands Cx. quinquefasciatus
AV A1204485 8/20/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1204579 8/21/12 Montgomery The Woodlands Cx. quinquefasciatus
AVA1204580 8/21/12 Montgomery The Woodlands Cx. quinquefasciatus

clustered most closely with Lineage IA viruses from the
United States (Figure 2A). Interestingly, the 2012 Texas iso-
lates formed two distinct clades with high branch support
(bootstrap value = 1,000; Figure 2A), indicating that two
strains of WNV were co-circulating in Texas in 2012.

Next, we aligned the 2012 Texas isolates with 76 represen-
tative full-length Lineage IA WNYV genomes isolated between
1999 and 2010 from diverse geographic regions in North
America (Supplemental Table 1). Using GARD, we found
no evidence of recombination in the alignment. We con-
structed a maximum likelihood phylogeny of North American

°

WNV isolates and found that Texas 2012 Clade I viruses
clustered most closely with an isolate from New York
in 2009, whereas the Texas 2012 Clade II viruses clustered
most closely with an isolate from Connecticut in 2008. How-
ever, Clades I and II are phylogenetically similar groups
containing isolates from both Dallas and Montgomery
Counties, and weak branch support exists for separate Dallas
and Montgomery populations within Clades I and IT (bootstrap
values < 500). This indicates that the Dallas County WNV
isolates are not phylogenetically distinct from the Montgomery
County WNYV isolates.
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FiGure 2. Maximum-likelihood phylogeny of the coding region (nucleotides 97-10,398) of West Nile virus (WNV) isolates. Nodes supported
by bootstraps over 90% are marked by asterisks. (A) WNV Lineage I-IV phylogeny. The North American Lineage IA is highlighted in gray.
(Inset) Detailed view of Lineage IA. (B) WNV North American Lineage IA phylogeny. The 2012 Texas Clades I and II are highlighted in gray.
Names are location and year of collection followed by GenBank accession nos. (described further in Supplemental Table 1).
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TaBLE 2
Genetic diversity of 2012 Texas isolates

Population Mean diversity Mean divergence*
Clade I Dallas 0.16% 0.30%
Montgomery 0.06% 0.27%
Clade I1 Dallas 0.22%F 0.30%
Montgomery 0.11%t 0.29%

*Compared with closest isolate —Clade I: JF488095, Clade I1: JF920747.
TP <0.05.

We also calculated the average genetic diversity within Dallas
and Montgomery populations and the average genetic diver-
gence between Dallas and Montgomery populations and the
most closely related isolates (NY 2009 and CT 2008). The mean
pairwise diversity within the Dallas populations was higher
than the mean pairwise diversity within the Montgomery
populations (Table 2, Clade II: P < 0.05). However, the mean
divergence between Dallas and Montgomery populations and
the most closely related isolates are very similar between
populations. Overall, the Dallas WNV populations contain

TaBLE 3
Variable nucleotides in 2012 Texas isolates

(A) clade-specific non-synonymous mutations

Residue JF488095 Clade T JF920747 Clade 11
Ciro A S A A
Eixs T N T T
NSls0s I % I I
NS2Asg \% \Y% \Y% I
NS4B,40 I I I M

(B) population-specific non-synonymous mutations

Clade I Clade 11 Clade 1 Clade 11

Residue Dallas Dallas Montgomery Montgomery
Ep L LIV L LIV
Eon T/A T T T
Eser AV A A A
Ea7o R/L R R R
NS1405* T T/A T T
NS1349 Q Q/R Q Q
NS2As, 1 I T T T
NS4Ags M M/T M M
NS4Ags A A/S A A
NS4B; G/R G G G
NS4Bygg A A/S A A
NS5sg7 A AV A A
NS5706 Y Y/H Y Y
NS5s66 E/G E E E

*o <1, P<0.05.

to>1, P<0.05.
(C) population-specific non-coding mutations

Clade I Clade 11 Clade I Clade 11

Nucleotide Dallas Dallas Montgomery Montgomery
19 G G/A G/A A
10407 T/G T T T
10408 T T/IC T C
10429 A/G A A A
10435 C C/IT C C
10448 T T/G T T
10450 T T/IC T T
10563 A AIG A A
10734 G G/A G G
10774 C C/T C C

greater genetic diversity compared with the Montgomery
WNYV populations, but they are derived from the same clades.

Positive selection analyses of Texas WNV isolates. Because
single mutations can drastically affect WNYV fitness, we next
assessed whether individual amino acids are differentiated
between 2012 Texas isolates and previous United States iso-
lates, or between Dallas and Montgomery County WNV
populations. Candidates for single sites that are correlated
with high transmission would be derived non-synonymous
mutations in at least one Dallas population. We found that
five non-synonymous mutations are fixed in one 2012 Texas
clade compared with the most closely related United States
isolates (NY 2009 and CT 2008) (Table 3A). We also found
that 14 population-specific non-synonymous mutations are poly-
morphic in one Dallas population (Table 3B). Two of these muta-
tions are also polymorphic in Montgomery populations (E;, and
NS2As5,). In addition, 10 non-coding mutations in the 5" and 3'
regions are polymorphic in one Dallas population, and one
of these mutations is also polymorphic in a Montgomery popu-
lation (Table 3C). Seven non-synonymous mutations and three
non-coding mutations are polymorphic only in Montgomery
populations (data not shown).

To determine whether these differences may be adaptive, we
performed an analysis of selection pressures acting on the
North America Lineage TA WNV dataset (Supplemental
Table 1). Using two methods, we estimated the ratio of the
non-synonymous and synonymous mutation rate (designated o)
for each codon across the WNV genome, where o > 1 is indicative
of positive selection and o < 1 is indicative of purifying selection.
Two codons contain signatures of positive selection: NS2As; and
NS5;314 (@ = oo, P < 0.05). The NS2As; is mutated in all 2012
Texas populations (Table 3B). In contrast, although two loci
showed evidence of positive selection across the WNV genome,
832 1oci showed evidence of purifying selection (P < 0.05, data not
shown). One of these negatively selected resides, NS1;¢s, exhib-
ited a variable amino acid in the Dallas Clade II population
(Table 3B). Together, these data indicated that, although small
genetic differences existed in Dallas and Montgomery WNV
isolates compared with previous WNV isolates, most changes
were unlikely to be adaptive. Rather, divergence and diversity
of the 2012 Texas isolates was primarily driven by genetic drift.

DISCUSSION

In this study, we investigated the evolution of WNYV isolates
made in Texas during the largest outbreak in recent United
States history. To determine whether WNV genetics may have
contributed to the increased incidence of human WNYV disease
in 2012, we sequenced full-length WNV genomes from mosqui-
toes collected in Texas during the 2012 epidemic. We found
that the mutations in the 2012 Texas isolates were largely
driven by genetic drift and viral population structure molded
by purifying selection in a manner similar to previous years.
Furthermore, despite differences in WNF and WNND inci-
dence between Dallas and Montgomery Counties, the WNV
isolates from these areas were phylogenetically indistinguish-
able. Together, these data indicate that a major role for WNV
genetic determinants in the 2012 outbreak was unlikely.

The 2012 Texas WNV isolates clustered in two distinct
clades, with the most closely related isolates from Connecticut
in 2008 and New York in 2009 (Figure 2). This indicates that
the 2012 WNV epidemic was derived from two WNV strains
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endemic to the United States; however, there may have been
two recent reintroductions of WNV into Texas from the East
coast. This is characteristic of the long-range movements
of WNV across North America.'! However, there is likely
short-distance viral gene flow between Dallas and Montgomery
Counties because WNYV isolates from these areas were phyloge-
netically similar. Even though WNF and WNND incidence
in Dallas County was five times higher than in Montgomery
County (Figure 1), similar WNV strains were found in both
locations. This shows that a geographically isolated virulent
strain of WNV did not cause the 2012 outbreak in Dallas.
Thus, differences in WNV genetics are unlikely to explain the
difference in WNF and WNND incidence between Dallas and
Montgomery Counties.

Rapid evolution is a characteristic of genomes involved in
antagonistic virus-host interactions®; therefore, identifying
sites evolving under positive selection can pinpoint mutations
with fitness consequences. In this study, we identified two
residues that are rapidly evolving in the United States lineage
of WNV: NS2As, (Table 3) and NS5;3;4. The NS55,4 has pre-
viously been shown to have evolved under positive selection,
making it a tempting candidate for an adaptive change®;
however, NS53;, only showed variation in Montgomery
County isolates and was therefore unlikely to have affected
the 2012 outbreak. In a previous study of WNV pathogenesis
in American crows, an alanine-to-threonine mutation at NS2As,
was shown to be one of 11 mutations potentially involved
in the increased virulence in American crows of WNV NY99
compared with a Kenyan strain of WNV.>* However, most
United States WNYV strains since 1999 have contained a threo-
nine at NS2As,, suggesting that this mutation is either unrelated
to the 2012 outbreak or requires additional mutations to affect
fitness. Of the 17 additional non-synonymous mutations in the
2012 Dallas isolates, one site was identified to be subject
to purifying selection (Table 3), suggesting this mutation may
be deleterious to viral fitness. The remaining 16 mutations,
although not rapidly evolving or having a known functional con-
sequence, may elicit an adaptive phenotype such as increased
transmission efficiency in mosquitoes; however, vector compe-
tence studies would be required to fully assess this question.

Although WNV sequences from humans infected during
the 2012 outbreak were not available for analyses, the mos-
quito isolates that were assayed should encompass the diver-
sity of the strains circulating during the summer of 2012.
Genetic diversity of WNV is maintained in mosquitoes,*!
and studies of human and mosquito WNV isolates have not
shown phylogenetic separation by host species.'! In addition,
the level of divergence between the 2012 Texas isolates and
other United States isolates was comparable to estimates
from previous years in Texas and other geographic regions of
the United States.”'®*~3° Interestingly, significantly higher
genetic diversity within the Clade II Dallas population com-
pared with the Clade II Montgomery population was observed
(Table 2), although the sampling area and timeframe of iso-
late collection were not matched between populations. The
Dallas isolates were collected over 8 weeks from multiple
cities, whereas the Montgomery isolates were collected over
a 7-week span from one city (Table 1 and Figure 1). Thus,
our population genetic diversity estimates could be skewed
by mosquito sampling.

In addition to viral genetics, ecological factors have been
shown to increase viral transmission in mosquitoes and birds.

For example, temperature affects the WNV extrinsic incuba-
tion period of mosquitoes, such that increased temperature
increases the rate of WNV transmission by mosquitoes.'*3¢
Previous outbreaks of WNV in 2002-2004 were associated
with higher than average temperatures,*®*’ and the average
annual temperature in Texas in 2012 was 2° warmer than the
average annual temperature in 2002-2011 (NOAA National
Climatic Data Center). Furthermore, the average monthly
temperature during the peak of the 2012 outbreak (June
through September, Figure 1) was 1° to 6° warmer in Dallas
than in Houston (NOAA National Climatic Data Center),
which may help to explain the higher viral diversity in Dallas
County mosquito isolates or the greater rates of WNV trans-
mission in Dallas County. In addition, changes in mosquito
or avian populations may have contributed to altered viral
transmission rates. Based on the results presented here, rather
than genetic changes in WNV leading to increased transmis-
sion efficiency to humans, it is more likely that a combination
of other environmental and ecological factors could explain
the magnitude of the 2012 WNV outbreak.
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